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Bacterial cells can be visualized by bright-ﬁeld microscopy, a tech-
nique that takes advantage of the contrast difference between the spec-
imen and its surrounding medium. Often, dyes with cationic properties
are used to increase this contrast. The Gram stain procedure, developed
by ChristianGram in Denmark in 1884 [1], represents such a differential
staining procedure that has been used to classify bacteria for over
100 years. Most, but not all, bacteria take up the basic dye crystal violet.
Gram-positive bacteria retain the purple dye, whereas Gram-negative
bacteria are destained during ﬁxation and washes and must be
counter-stained with safranin. Acid-fast bacteria such as mycobacteria
cannot be stainedwith theGramprocedure butwill retain carbolfuchsin
efﬁciently following a procedure known as Ziehl–Neelsen (acid-fast)
staining [2]. These staining attributes of bacteria can be explained by
fundamental differences in their respective cell envelope. Gram-
positive bacteria have a relatively thick (~20–80 nm) cell wall also
called murein sacculus that surrounds the plasma membrane. This
thickness accounts for retention of crystal violet. The cell wall is largely
composed of peptidoglycan, also called glycopeptide (muropeptide)
and inGram-positive bacteria, it serves as thematrix for the covalent at-
tachment of wall teichoic acid, surface proteins and polysaccharide cap-
sule [3–6]. In contrast, the peptidoglycan layer of Gram-negative
bacteria is thin (~5–10 nm) and surrounded by an outer membrane
structure (~7.5–10 nm thick) that itself is tethered to peptidoglycantrafﬁcking and secretion in bac-
ey.
wind).
ights reserved.by Braun's lipoprotein [7]. Mycobacterium tuberculosis and other
mycobacteria contain a layer of peptidoglycan linked to arabinogalactan
that is in turn linked to mycolic acids forming an outer membrane. The
highmycolic acid content of the envelope is responsible for the poor ab-
sorption of some dyes. The Corynebacterium, Mycobacterium and
Nocardia species produce a complex envelope containing lipid species
and porins and this outer layer is reminiscent of the function of the
outer membrane (OM) of Gram-negative bacteria [8–10].
Bacterial peptidoglycan is responsible for the shape of bacteria and
for protection against osmotic lysis [11]. Because they lack an outer
membrane, Gram-positive bacteria cannot embed proteins in a lipid bi-
layer for surface display, yet these bacteria engage in molecular interac-
tions that are mediated by proteins at the cell surface and thus have
evolved severalmechanisms for the trafﬁcking and retention of proteins
in the envelope. In Gram-positive bacteria, most secreted proteins are
transported across the plasmamembrane via the universally conserved
and essential Sec pathway. Proteins carrying a cleavable Sec-dependent
signal sequence, but lacking any other type of topogenic information,
are released into the extra-cellular milieu. Additional sequence motifs
within secreted substrates are necessary to target proteins to discrete
sites within the envelope. Dedicated factors are responsible for
deciphering such signals and implementing these protein-targeting
mechanisms. Here, we will review the molecular events leading to the
display of proteins known as cell wall-anchored proteins (CWP) in the
envelope, beginning with their secretion across the plasma membrane
mediated by the Sec system and followed by the covalent attachment
to peptidoglycan by transpeptidase enzymes known as sortases. Surface
display of proteins in the envelope of Gram-positive bacteria can also be
achieved by noncovalent interactions with peptidolgycan or wall
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such as the GWmodule, LysMmotif or Surface Layer Homology domain
(see references [12–14] for reviews of these mechanisms).
2. The Sec system in Gram-positive bacteria
Sec-machinery mediated secretion is an essential pathway that pro-
vides for the transport of most proteins into and across the plasma
membrane. Sec-mediated protein secretion has been best studied in
Escherichia coli and serves as a paradigm for all other bacteria [15–17].
Genes involved in Sec-dependent secretion are largely conserved lead-
ing to the general assumption that themechanism of protein transloca-
tion is also conserved.
2.1. Sec-mediated protein translocation in E. coli: a paradigm
This section is meant to provide a brief overview of the Sec pathway
of E. coli as it represents the starting point for all in silico predictions of
conserved elements in Gram-positive bacteria. Readers should refer to
Chapters 2, 3, 5 and 6 for details to be published in the special issue.
In E. coli, three membrane proteins SecYEG assemble into the trans-
location pore for the secretion of protein substrates referred as
preproteins or precursor proteins. The signal (leader) peptide at the
N-terminus of the preprotein is the critical feature for recognition by
the SecYEG translocon. The SecA ATPase pushes precursor proteins
through the hydrophilic channel of the SecYEG translocon forming the
so-called translocase [18–21] and is assisted by three other membrane
proteins SecD, SecF and YajC [22–25]. Precursor proteins aremaintained
in a secretion competent state by one of two separate pathways [26,27].
In one pathway, the signal peptide of nascent chains is bound by the sig-
nal recognition particle (SRP) and translation is temporarily arrested
[28,29]. E. coli SRP is a ribonucleoprotein particle consisting of Ffh and
4.5S RNA [30–33]. Upon docking of the SRP-ribosome complex on
the membrane receptor FtsY, translation resumes and the nascent
polypeptide is transferred to the SecYEG translocon [27,34]. In the
second pathway, fully synthesized precursor proteins are bound by a
secretion chaperone such as SecB that maintains precursors in an
unfolded, translocation-competent state in the cytoplasm [35–37].
Although both pathways, SRP-mediated co-translational secretion and
chaperone-implemented post-translational secretion, ultimately con-
verge at the translocon [27,38], depletion analyses demonstrated that
the SRP pathway is required for the secretion of polytopic membrane
proteins in E. coli [39]. Precursors secreted in a post-translational man-
ner are substrate of signal (leader) peptidase encoded by lepB in
E. coli. This enzyme removes the signal peptide of newly translocated
proteins as they emerge into the periplasm making the process unidi-
rectional [40,41].
2.2. Sec encoding genes in Gram-positive bacteria: a reverse
genetic approach
The discovery of the sec genes and the elucidation of their biochem-
ical activity in E. coli are the results of several genetic approaches andex-
perimental validation of clever predictive models. In contrast, sec genes
of other bacteria were mostly identiﬁed by homology searches. Investi-
gations that have focused on low GC-content Gram-positive bacteria
with an emphasis on Firmicutes are described herein. Secretion systems
for only a few high GC-content Gram-positive bacteria have been exam-
ined and the readers are directed to the following articles and reviews
describing these in Actinobacteria including Corynebacterineae and
Streptomycetaceae [42–44]. Genome analyses have revealed homologs
of SecA, SecD, SecE, SecF, SecG, SecY, Ffh, FtsY, YajC and LepB in organ-
isms such as Bacillus subtilis, Bacillus anthracis, Staphylococcus aureus,
Listeria monocytogenes and various Streptococcal species [45]. In partic-
ular, the SecA, and to a lesser extend SecY, are highly conserved with
their E. coli homologues. SecE and SecG are less well conserved andare much shorter in B. subtilis, S. aureus and Staphylococcus epidermidis.
Most Gram-positive bacteria carry a secDF fusion gene, instead of single
secD and secF genes [46]. The secB gene is conspicuously missing. In
B. subtilis, the general chaperone CsaAhas been proposed to serve a sim-
ilar purpose as SecB in E. coli; CsaA interacts tightly with both SecA and
preprotein [47]. Nevertheless, the csaA gene is missing in the genome of
many Gram-positive bacteria and it seems likely that other cytosolic
chaperones are responsible for maintaining precursors in an export-
competent form. In E. coli, heat shock protein chaperones such as
DnaK and DnaJ have been shown participate in this process, indepen-
dently of SecB [48]. Genes encoding Ffh, 4.5S RNA, and FtsY are also con-
served in Gram-positive bacteria. Ffh is essential for growth in B. subtilis
but dispensable in Streptococcus mutans and Streptococcus pyogenes
[49–51]. In S. pyogenes, SRP is responsible for secretion of extracellular
virulence factors and an ffhmutant is attenuated for virulence [50,51].
These observations suggest that the biogenesis of plasma membrane
proteins is not restricted to the SRP pathway in Gram-positive bacteria
and importantly that SRPmay contribute to protein translocation across
the plasma membrane.
Second sets of secA and/or secY genes (paralogues) can be found in
the genomes of staphylococci and streptococci and these genes are re-
ferred to as secA-2, and secY-2 (see Chapter 25). Although this has not
been rigorously tested, the secA and secY genes are considered to be es-
sential in Gram-positive bacteria,whereas the secA2 and secY2 genes are
dispensable, at least in staphylococci and streptococci [14]. Exceptions
to this rule include C. difﬁcile, for which both sets of genes have been
found to be essential for growth [52] as well as the high GC-content or-
ganism C. glutamicum [43]. In S. aureus, expression of antisense secYRNA
inhibits colony formation on agar plates [53], suggesting it represents
the functional homologue of E. coli secY. The secA-2 and secY-2 genes
may be found immediately adjacent to or in close proximity of the
gene(s) whose product enters the secretion pathway deﬁned by
SecA2/SecY2; often these secreted proteins are glycosylated and pro-
mote bacterial virulence functions (see Chapter 25). Thus, for some spe-
cies, SecA-2 and SecY-2 are highly specialized transporters dedicated to
the secretion of speciﬁc substrates that cannot travel the canonical Sec
pathway. Detailed information regarding SecA-2 and SecY-2 and secre-
tion substrate determinants for SecA-2/SecY-2 translocase can be found
in Chapter 25.
2.3. Translocation of cell wall anchored protein
Most cell wall anchored proteins are synthesized as precursor pro-
teins and targeted for export to the canonical SecYEG translocon by
the presence of a signal sequence at their extreme N-terminus. Signal
peptides of wall anchored proteins encompass the canonical tripartite
structure where a short, basic n-region precedes a longer hydrophobic
stretch of amino acids (h-region), followed by the c-regionwith the rec-
ognition sequence for the enzyme signal peptidase (see Chapter 9)
[40,54]. Sec-dependent secretion of cell wall anchored proteins has
been conﬁrmed in S. aureus by several proteomic analyses including
comparing secretomes of wild-type and secDF mutant strains [55] or
by chemical inhibition of type I signal peptidase [56]. Further, by exam-
ining the secretion proﬁle of a tatCmutant, the involvement of the Tat
pathway for secretion of sortase A-anchored surface proteins in
S. aureus has been ruled out [57]. Although the signal sequence of
preproteins is not conserved, the site of cleavage (c-region) determines
which enzyme, signal peptidase I (SPI) or signal peptidase II (SPII) will
cleave the precursor (see Chapter 9). SPI often cleaves after an alanine
residues whereas SPII cleaves proteins immediately before the con-
served cysteine residue of the lipobox, a feature of lipoproteins that
are modiﬁed with thioether linked diacylglycerol at their N-terminal
cysteinyl [42,58–60]. While E. coli encodes only one SPI enzyme, LepB
[61], that is essential for growth, many Gram-positive bacteria express
multiple SPI type genes. B. subtilis encodes ﬁve lepB-like genes with
the products SipS, SipT, SipU, SipV, and SipW [62]. Together, SipS and
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protein is unusual in that it is required for the expression of genes that
elaborate bioﬁlm matrix components when bacilli are grown on a
solid surface [63]. However, the enzymatic signal peptidase activity ap-
pears to be dispensable for this process [63].
S. aureus encodes two SPI, SpsA and SpsB [64]. SpsB, but not SpsA
(presumably because it lacks the critical catalytic residues), can substi-
tute for E. coli LepB and is required for growth of S. aureus [64,65].
S. epidermidis contains two SpsB homologs, most related to SipS and
SipU of B. subtilis. Thus, the contribution of SpsA (if any) for preprotein
secretion remains unknown. Finally, in B. subtilis the ABC transporter
EcsAB has been implicated in the secretion of proteins. While the trans-
port substrate(s) of EcsAB is still unknown, an ecsAmutant was shown
to disrupt the secretion of the AmiQ precursor in a manner whereby
preAmyQ remained associated with the membrane, suggesting a defect
in its processing by signal peptidases [66]. Further, the activity of the
intramembrane cleaving protease RasP (YluC) was also altered in the
ecsAmutant [66]. RasP belongs to a family of proteases that cleaves pro-
teins and peptides spanning the plasmamembrane and theﬁrst enzyme
of this family, Eep, was characterized for its role in the processing and
secretion of an 8 amino acid peptide pheromone called cAD1; cAD1 in-
duces a mating response in enterococci that harbor plasmid pAD1
[67,68]. It was later demonstrated that pheromone peptides are the
degradation products of lipoprotein signal sequences [69] and also re-
quire an ABC transporter to be dislodged from the lipid bilayer. This
mechanism of degradation appears to be conserved between bacteria
and mammals and has been designated Regulated Intramembrane Pro-
teolysis (RIP) [70]. It is thus interesting that mutations in the ABC trans-
porter EscA block processingmediated by the RIP protein RasP [66] and
that escA mutants affects the overall secretion of proteins in B. subtilis
and S. aureus (including secretion of cell wall proteins in this organism)
[71,72]. Together, these ﬁndings suggest that RIP proteases and the Esc
ABC transporter may be generally required for the degradation or
recycling of signal peptides leftover in the plasma membrane following
processing by LepA and LepB.
It seems important to note that signal peptides of Gram-positive
bacteria, in particular signal peptides of cell wall anchored proteins, dif-
fer from those of Gram-negative bacteria. They are generally longer,
more hydrophobic and with more charged residues at the N-terminal
end [59]. While signal peptides of Gram-positive bacteria appear to be
processed in Gram-negative bacteria, the converse is not always true
[73]. This leaves open the possibility that additional factors contribute
to the recognition of signal peptides. However, biochemical approaches
using membrane extracts with or without bound ribosomes failed to
ﬁnd such candidates [74–77]. Many cell wall anchored proteins like
staphylococcal protein A (S. aureus) carry a long signal peptide with
the YSIRK-G/S motif (Fig. 1) [78,79]. Removal of the YSIRK-G/S motif
slows but does not abrogate the secretion and cell wall anchoring of
protein A [80]. Interestingly, when examined by immunoﬂuorescence
microscopy, protein A was found to assemble in a ring-like structure
encircling the spherical cells, with increased abundance at cell division
sites [57,81]. Staphylococci divide perpendicular to their previous cell
division plane and appear to be born unit size during logarithmic
growth [82,83]. Peptidoglycan synthesis occurs at the crosswall (cell di-
vision site) and allows for the bulk of bacterial envelope expansion [83].
S. pyogenesMprotein also harbors the YSIRK-G/S motif within its signal
peptide and is also deposited into peptidoglycan at the division plane of
the cell [84]. Conversely, it was observed that surface proteins bearing a
conventional signal peptide (non-YSIRK), for example SasF in S. aureus
and PrtF in S. pyogenes, are deposited at the cell poles [57,84]. Replace-
ment of the signal peptide of SasF (non-YSIRK) with that of ClfA
(+YSIRK) leads to the deposition of SasF at the cross-wall of staphylo-
cocci [57]. Incubation of staphylococci with sub-inhibitory concentra-
tions of penicillin or moenomycin triggers the accumulation of cell
wall-anchored preproteins at the crosswall, irrespective of the presence
of the YSIRK motif [85]. Together, these observations suggest thatdistinct sequence motifs such as the YSIRK-G/S motif of some
preproteins may represent new topogenic sequences for secretion at
the cross wall. It seems unlikely that the SecA/SecYEG translocase is
solely responsible for the observed differences in the trafﬁcking of pre-
cursors with discrete signal sequence motifs. Using various microscopy
approaches, several patterns of Sec translocase distribution have been
reported and invoked as mechanism for the selection of preproteins.
For example, the Sec machine has been reported to localize to the so-
called ExPortal microdomain in S. pyogenes [86,87] and Enterococcus
faecalis [88], a localization that nonetheless does not seem compatible
with the secretion of preproteins at both cross wall and cell poles. In-
deed, other work reported a more random distribution for membrane
associated SecA in S. pyogenes [84,89]. In B. subtilis, the Sec machine
is distributed along the cell in a spiral pattern [90] whereas in
S. pneumoniae, its localization is subject to dynamic changes and relo-
cates from the cell division plane to variable sites at mid-cell, perhaps
co-localizing with active peptidoglycan synthesis [91].
A genetic search for mutants displaying altered secretion of staphy-
lococcal protein A identiﬁed three transmembrane proteins, SpdA, SpdB
and SpdC (named for surface protein display) each one carrying an ABI
(abortive infectivity) domain. Spd factorswere shown to be required for
the abundant deposition of protein A at the cross wall, albeit that a pre-
cise mechanism for their activity could not be assigned [92].
3. Sorting reactions
3.1. Processing and attachment to peptidoglycan
Covalent anchoring of secreted proteins was ﬁrst appreciated in
Group A streptococci and S. aureus. These bacteria are endowed with
two very abundant surface proteins, the streptococcal M protein
[93,94] and staphylococcal protein A [95,96]. Early investigations used
electron microscopy to demonstrate that the M protein forms a long
ﬁber (~500 Å long) that can be visualized as a fuzzy coat on the surface
of bacteria [97,98]. Circular dichroism studies suggested that the protein
is formed of repeats primarily arranged in an alpha-helical coiled-coil
allowing the ﬁber to span the thick peptidoglycan and protrude on the
cell surface [97,98], which was recently corroborated by X-ray crystal-
lography studies [99]. Attempts at solubilizing streptococcal M protein
or staphylococcal protein A proved remarkably difﬁcult. Because, pro-
tein A could be easily puriﬁed, owing to its ability of binding to the con-
stant region of immunoglobulins [96], it became obvious that treatment
of bacteria with acids, bases, detergents, proteases or boiling, were
insufﬁcient to release these surface proteins [98]. Nonetheless, treat-
ment of bacteria with cell wall-hydrolytic enzymes led to successful sol-
ubilization of protein A [98,100]. Importantly, treatment of
staphylococci with lysostaphin, a bacteriolytic enzyme secreted by
Staphylococcus simulans, released protein A as a homogeneous popula-
tion, judged by its migration proﬁle on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis [101]. Treatment with egg white
lysozyme released small amounts of protein A thatmigratedmore slow-
ly than the lysostaphin-released counterpart, suggesting an increase in
molecular mass [101]. Lysozyme does not effectively degrade the
staphylococcal cell wall, and the mass difference of released protein
A could be attributed to the amino sugars N-acetylglucosamine and
N-acetylmuramic acid that form the repeating disaccharide units in
peptidoglycan. Thus, these ﬁnding suggested that protein A must be
linked to the staphylococcal cell wall [101].
In addition to the N-terminus signal sequence, protein A contains a
second hydrophobic domain at its C-terminus (Fig. 1A). When com-
pared with the C-termini of other surface proteins of Gram-positive
bacteria, the conservation of the LPXTGmotif can be discerned. X repre-
sents here any amino acid and the LPXTG motif is always followed by a
C-terminal hydrophobic domain and a tail of mostly positively charged
residues [102]. Deletion experiments revealed that all three sequence
features, LPXTG motif, charged tail and hydrophobic domain are
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Fig. 1. Sortase A-dependent surface display of proteins. (A) Model for preprotein secretion and sorting in S. aureus. Surface proteins are ﬁrst synthesized in the bacterial cytoplasm as full-
length precursors (P1) containing an N-terminal signal sequence and a C-terminal sorting signal. The signal sequence directs the cellular export of the polypeptide through the Sec system
and, upon translocation, is cleaved by signal peptidase. The product of this reaction, P2 precursor harboring only the C-terminal sorting signal, is retained within the secretory pathway via
its C-terminal hydrophobic domain (black box) and positively charged tail (+). Sortase, a membrane anchored transpeptidase with active site cysteine, cleaves the peptide bond between
the threonine (T) and the glycine (G) of the LPXTG motif, generating an acyl intermediate (AI). Lipid II, the peptidoglycan biosynthesis precursor, and its pentaglycine crossbridge (Gly5)
amino group attacks the acyl intermediate, linking theC-terminal threonine of surface protein to lipid II (P3 precursor) and regenerating the active site of sortase. P3 precursor functions as a
substrate for penicillin binding proteins and is incorporated into the cell wall envelope to generate mature anchored surface protein (M) that is also displayed on the bacterial surface. Note
that thepentaglycine cell wall crossbridge is not commonly found in other bacteria nonetheless this pathway is conserved inmanyGram-positive bacteriawhere the functional elements of
cellwall crossbridges, LPXTGmotif, sortase andpenicillin bindingproteins are conserved. (B) Schematic representation of proteinprecursors identiﬁedby usingmetabolic labeling of staph-
ylococcal cultureswith radiolabeledmethionine. Immunoprecipitation of labeledpolypeptides identiﬁes theprecursor P2 andP1. The short-lived AI andP3 intermediates are not identiﬁed.
Treatment of the staphylococcal peptidoglycan with lysostaphin (glycyl-glycine endopeptidase) releases the ﬁnal product, i.e. M, the surface protein anchored to the cell wall.
Panel A is adapted from [186].
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protein A to otherwise secreted proteins is sufﬁcient to promote attach-
ment of reporter proteins to the cell wall [103]. Swapping of C-terminal
sorting domains from different bacteria demonstrated the universality
and conservation of the cell wall anchoring motif [103]. In S. aureus,
the cytoplasmic precursor (P1) of protein A is ﬁrst cleaved by leader
peptidase following translocation across the membrane, yielding P2,
and processed a second time at the C-terminal LPXTGmotif that serves
a sorting signal for retention in the envelope (Fig. 1A). Processing in-
cludes cleavage between the threonine (T) and the glycine (G) residues
[104] followed by transfer of the protein from the carboxyl of threonine
onto the free amino group of pentaglycine cross-bridges in the staphy-
lococcal cell wall, a reaction referred to as transpeptidation [5]
(Fig. 1A). Together, this series of processing events has been designated
“sorting reaction” and is catalyzed by the sortase A enzyme [104,105].
Methanethiosulfonates and p-hydroxymercuribenzoic acid were
shown to inhibit the sorting reaction in vivo [106] suggesting that the
enzyme proposed to cleave surface proteins at the LPXTG motif, must
be a sulfhydryl-containing enzyme. It was observed that vancomycin
and moenomycin, inhibitors of cell wall polymerization, slowed the
sorting reaction but addition of the transpeptidation inhibitor, penicillin
G, had no effect on surface protein anchoring [106]. However, cleavage
of surface protein precursors could be observed in protoplasts,suggesting that the mature assembled cell wall is not required for
attachment. Together, these ﬁndings suggested that lipid II, the peptido-
glycan biosynthesis precursor may serve as the substrate of the sorting
reaction [106]. In S. aureus lipid II is comprised of C55-PP-MurNAc-(D-
Ala-D-iGln-(NH2-Gly5)-L-Lys-D-Ala-D-Ala)-GlcNAc, i.e. a murein disac-
charide–pentapeptide subunit linked to the membrane carrier
bactoprenol (C55) [107]. By using metabolic labeling of staphylococcal
cultures with radiolabeled phosphoric acid, it was later revealed that
the last step of the sorting reaction involves a P3 intermediate that
could be immunoprecipitated along with nisin, an antibiotic that
forms a complex with lipid II; following the discovery of sortase, it
was further conﬁrmed that the P3 intermediate is not observed in a
strain where the sortase A gene is disrupted [108]. P3 is eventually in-
corporated into peptidolgycan strands yielding mature protein A (M)
(Fig. 1A) [108,109].
In S. aureus, the peptidoglycan layer is 30 to 100-nm thick and com-
posed of the repeating disaccharide N-acetylmuramic acid-(β1–4)-N-
acetylglucosamine (MurNAc-GlcNAc) [110]. MurNAc is amide-bonded
to the ﬁrst alanine of the tetrapeptide [L-Ala-D-isoGln-L-Lys(NH2-Gly5)-
D-Ala]. Crosslinking between tetrapeptide through the pentaglycine
(NH2-Gly5) of one strand to the terminal D-Ala of an adjacent
tetrapeptide, effectively links strands together yielding a single large
macromolecule, the murein sacculus, that encloses the cell (Fig. 1A)
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linked to lipid II and ultimately incorporated into the cell wall envelope
via the transpeptidation and transglycosylation reactions of peptidogly-
can synthesis [115–117] along with other secondary polymers such as
carbohydrates and teichoic acids [111,118]. It is interesting that in
L. monocytogenes, some SrtA-substrates produced upon stress are an-
chored to the cell pole [119]. It has been proposed that either lipid II is
present at the pole of low-dividing bacteria or that sortase A directly an-
chors such proteins to cross-linked peptidoglycan [120]. As noted by
Bierne and Dramsi [120], lipid II is most abundantly found at sites of pep-
tidoglycan synthesis and during exponential growth, sites that also serve
to recruit the secretion and sorting machineries and help shape bacterial
cells. Thus, cellular shape and sites of peptidoglycan biogenesis may
account for polar, septal and lateral distribution of cellwall anchored pro-
teins on the bacterial surface [120].
3.2. Discovery of S. aureus sortase A
To identifymutants unable to anchor protein A to the cell wall, a col-
lection of temperature-sensitive variants was screened for defects in
protein processing using a reporter protein, secreted staphylococcal
enterotoxin B (SEB) fused to the LPXTG sorting signal of protein A
(SEB-SPA) [121]. Cultures of bacterial variants were grown in non-
permissive conditions in the presence of radioactive methionine, lysed
and SEB was immunoprecipitated with speciﬁc antibody. Radiolabeled
SEB products were separated on a denaturing gel and visualized by
autoradiography to reveal the three expected species: SEB-SPA P1
precursor synthesized in the cytoplasm, the P2 intermediate processed
by leader peptidase and the mature, surface-anchored protein (M)
(Fig. 1B). The transient P3 precursor is not observed in this assay. In
wild-type bacteria, the P1, P2 and M species represented 5%, 19% and
76% of total SEB-SPA and a pulse-chase analysis showed that P2 was
cleaved and anchored within 2 min [121]. Several hundred mutants
were screened using this assay. One of them displayed aberrant accu-
mulation of P2 and a P2 to M conversion time N10 min, suggesting a
defect in cell wall sorting [121]. A complementation analysis was per-
formed in a similar manner by screening a plasmid library of 2000 ran-
dom DNA fragments from S. aureus for gene candidates that could
reduce the concentration of P2 in the mutant [121]. Two clones were
identiﬁed that shared the critical S. aureus sequences for a gene that
was named srtA for surface protein sorting A [121]. Analysis of mutants
lacking srtA revealed that sortase A is responsible for anchoring most
cell wall proteins to the cell wall, at least all of those carrying an
LPXTG motif [122].
3.3. Sortase A-catalyzed transpeptidation
S. aureus sortase Awas the ﬁrst sortase to be characterized biochem-
ically. It is a 206 amino acid protein with an N-terminal membrane an-
chor. Removing the membrane anchor yields a soluble protein that
could be puriﬁed in E. coli. The catalytic activity of SrtA could be recapit-
ulated in vitro by using the substrate abz-LPETG-dnp that harbors the
ﬂuorophore, 2-amino-benzyl, at the N-terminus and the quencher,
2,4-dinitrophenyl, at the C-terminus. Due to the close proximity be-
tween ﬂuorophore and quencher, the substrate does not emit a ﬂuores-
cence signal when excited at the proper wavelength. However, sortase
A-mediated cleavage separates ﬂuorophore and quencher, abz-LPET
and G-dnp, causing an increase in ﬂuorescence [117,123]. Recombinant
sortase A was found to cleave the peptide bond between the threonine
and the glycine of the LPET peptide and to form a thioester-linked inter-
mediate between the carboxyl group of threonine and the active site
cysteine residue of sortase [104,121,124]. Hydroxylamine or water
could serve as nucleophiles in vitro, resolving the acyl-enzyme interme-
diate. Addition of hydroxylamine yielded LPET-hydroxamate products,
indicating that hydroxylamine attacks the acyl-enzyme intermediate
[121,123]. Petidoglycan fragments or surrogates, including Gly, Gly2,Gly3, Gly4, or Gly5 (i.e., mimicking the pentaglycine cross-bridge), also
stimulated sortase cleavage of abz-LPETG-dnp in vitro [117,123]. Analy-
sis of the reaction products (abz-LPET-GlyN, where N = 1–5) demon-
strated that the amino group of the cell wall crossbridge performs the
nucleophilic attack at the acyl-enzyme intermediate of sortase A
[117,121,123].
In agreement with the ﬁnding that the sorting reaction could be
inhibited by methanethiosulfonates and p-hydroxymercuribenzoic
acid [106], sortase Awas found to contain a single cysteine, Cys184. Sub-
stitution of Cys184 with alanine abolishes sortase A activity both in vivo
and in vitro [117,123]. Bioinformatic analysis revealed that the active
site cysteine is a conserved feature of sortases, in agreement with the
general hypothesis that mechanisms of surface protein anchoring to
the cell wall envelope are conserved in Gram-positive bacteria. The
structure of S. aureus sortase Awas solved byNMR and X-ray crystallog-
raphy and revealed a unique eight-stranded β-barrel, with several short
helices and loops [125,126]. The active site of the enzyme was found to
be located in a hydrophobic depression formed by two β-stands. Two
conserved residues, His120 and Arg197, are positioned in close proximity
to the active site sulfhydryl Cys184 [126,127] and were shown to be in-
volved in catalysis by forming a catalytic triad [128–131].
In summary, cell wall-anchored surface proteins of Gram-positive
bacteria encode two topogenic sequences, an N-terminal signal peptide
for secretion of precursor proteins via the Sec pathway and a C-terminal
cell wall sorting signal with a conserved LPXTG motif. In staphylococci,
sortase A anchors proteins to pentaglycine cross-bridges that connect
peptidoglycan strands. These pentaglycine cross-bridges are otherwise
covalently linked to the ε-amino group of lysine residues. Not all
Gram-positive bacteria share the same cross-bridge structure. In
S. pyogenes, two alanine residues are found in place of the pentaglycine
and it is assumed that the LPXT substrate is linked to the di-alanyl
bridge. In many bacteria,meso-diaminopimelic acid (m-Dpm) replaces
the lysine residue in peptidoglycan and a direct covalent bond is formed
between the free ε-amino group ofm-Dpm and the terminal D-Ala of a
neighboring strands. In L. monocytogenes, the T of LPXTG proteins is di-
rectly attached to the free ε-amino group of m-Dpm [132].
3.4. Class A sortases: housekeeping functions
A search for proteins with a predicted signal sequence and a
C-terminal LPXTG motif can identify putative sortase A-anchored sur-
face proteins in the sequenced genomes of Gram-positive bacteria. For
example, 18–22 cell wall proteins were identiﬁed in the genomes of
S. aureus isolates, and similar results were obtained with related
Gram-positive pathogens. Many of these cell wall anchored proteins
function as microbial surface components recognizing adhesive matrix
molecules (MSCRAMMs) and represent bacterial elements of tissue ad-
hesion and immune evasion [133].
When injected into the bloodstream of mice, most staphylococci
survive innate immune response, disseminate to peripheral tissues
and establish abscesses in multiple organ systems over 3–4 days. Ab-
scess lesions continue to develop over weeks and cannot be cleared by
the host. Staphylococci grow as communities at the center of these le-
sions and are enclosed by pseudocapsules, separating the pathogen
from immune cells. S. aureus srtA mutants display a large virulence
defect in this model of infection [122] and are in fact unable to form ab-
scesses [134]. By testing insertional variants in genes for cell wall-
anchored surface proteins, the stage at which some of the sortase A-
anchored products function could be inferred [134]. For example,
ﬁbrinogen-binding proteins ClfA and ClfB were found to be required
during the early phase of staphylococcal dissemination. The heme scav-
enging factors IsdA and IsdB, as well as SdrD and protein A, were found
to be necessary for abscess formation. Other types of infection have also
been tested, including septic arthritis and endocarditis. In both models,
srtAmutants displayed large reductions in pathogenesis [135–137]. Vir-
ulence attributes of sortase and their protein substrates extend well
Fig. 2. Isd-mediated heme-iron uptake across the cell wall of S. aureus. IsdA, IsdB, and IsdH
are anchored to the cell wall by sortase A and function as receptors for hemoprotein
ligands, such as hemoglobin (Hb). Upon binding to Isd receptors, heme is released from
the hemoproteins and passaged through the cell wall in an IsdC-dependent manner. IsdC
carries the NPQTN motif and is the substrate of sortase B. When S. aureus are incubated
with proteinase K, IsdB is completely degraded, IsdA is partially degraded but IsdC remains
intact, suggesting that the three proteins are displayed at varying distances from the sur-
face of the envelope. The heme molecule is taken up by the membrane transport system
composed of IsdDEF and upon entry into the cytoplasm, is degraded by the heme
oxygenases IsdG and IsdI to the release free iron.
Adapted from [187].
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mutants have been reported for many bacterial species, including
actinomyces, enterococci, streptococci, bacilli, or listeria [138–148].
Finally, cell wall anchored proteins have been shown to raise immunity
following vaccination with puriﬁed components against Group B strep-
tococcal, pneumococcal, and staphylococcal infections [149,150]. Col-
lectively, these studies illustrate the many important and diverse roles
that surface proteins play during the pathogenesis of infections caused
by Gram-positive pathogens.
Genome sequencing of Gram-positive bacteria resulted in the dis-
covery of thousands of genes encoding proteins with LPXTG or LPXTG-
like sorting signals, as well as a plethora of sortase genes [151–153],
suggesting the existence of distinct classes of substrates and cognate
sortases [154,155]. A complete classiﬁcation of sortase enzymes, classes
A–D, has been reported by Dramsi and colleagues [156] (Table 1) and is
used in the remaining sections of this review. However, it is important
to note that the function of sortases are explored only in few organisms
and that some sortase genes have been named in the order of their dis-
covery, which does not match the aforementioned nomenclature [156].
Class A sortase represents the housekeeping enzyme described
above. Sortases described in the subsequent sections are accessory
and appear to anchor dedicate factors. Often, the surface protein gene
is found in the same transcriptional unit with a sortase gene. The gener-
al assumption is that such genes encode enzyme–substrate pairs.
3.5. Class B sortase: iron acquisition
While the great majority of sorting signals carry the LPXTG motif,
others harbor variations of this sequence (Table 1) and often appear
to be encoded by genes adjacent to a sortase-encoding gene. This
was ﬁrst observed and tested for S. aureus and B. anthracis isd-srtB
[157,158] as well as L. monocytogenes svpA-srtB [159]. srtB encodes the
enzyme sortase B that is required for anchoring of one or more proteins
that promote heme-iron uptake [157]. Enzymes belonging to the
sortase B subgroup recognize substrates that often contain an NPQTN
motif rather than the canonical LPXTG [156,157,160]. SrtB of
L. monocytogenes has two substrates with NAKTN and NPKSS sorting
motifs, respectively [161]. Nonetheless, sortase B enzymes are structur-
ally conservedwith sortase A [130,162]. In S. aureus, srtB is located in the
so-called isd locus that encodes the IsdA, IsdB and IsdC cell wall-
anchored heme-binding proteins, a membrane-based heme transport
system (IsdD, IsdE, and IsdF), a heme degrading monooxygenase
(IsdG), and SrtB [157]. IsdC is the only substrate anchored by SrtB, and
is cleaved at its NPQTN motif-sorting signal and immobilized at cell
wall crossbridges [160] (Fig. 2). IsdA and IsdB are anchored to the cell
wall by sortase A [163]. In contrast to IsdA and IsdB, IsdC remains buried
within the staphylococcal cell wall envelope, because it is linked to ma-
ture assembled peptidoglycan but not to lipid II [157,160] (Fig. 2).
3.6. Class C sortase: assembly of pili
A subgroup of sortases was found to assemble pili on the surface
of Gram-positive bacteria (Table 1), a ﬁnding ﬁrst documented for
Corynebacterium diphtheriae [164,165]. While in Gram-negative bacte-
ria, pili are formed by non-covalent interactions between pilin subunits,Table 1
Classes of Sortases along with substrates and nucleophiles.
Sortase class Substrates Substrate motif Nucleophile
A (housekeeping) Surface proteins LPXTG Lipid II
B Heme transporter N(P/A)(Q/K)
(T/S)(N/S)
Peptidoglycan
crossbridge
C Pilin subunits (I/L)(P/A)XTG Lys of pilin
D Mother cell and endospore
envelope protein
LPNTA Lipid IIC. diphtheriae pili are formed by covalent polymerization of pilin sub-
units [166,167]. Pili are macromolecular structures that consist of re-
peating protein subunits (pilin), extending from the bacterial surface
into the surrounding milieu. These ﬁber-like structures (ﬁmbriae) are
often cappedwith a proteinwith adhesive properties that promote bac-
terial binding and virulence [166]. Owing to their small diameter, pili
were not detected in studies that examined the morphology of Gram-
positive bacteria by electron microscopy or rather were mistaken as ar-
tifacts [168]. The ﬁrst evidence of pili was revealed in Actinomyces spe-
cies responsible for tooth decay, where an operon encoding a pilin-like
gene and a gene later characterized as sortasewere identiﬁed [169,170].
While the function of sortase was still unknown at the time of this ob-
servation, mutagenesis of the corresponding gene abolished actinomy-
ces adherence and led to the loss of pili that could otherwise be
visualized by immuno-gold electron microscopy [169,170].
Experimental evidence for the contribution of sortases in polymeri-
zation of pili was gained following the characterization of six sortase-
like genes in C. diphtheriae [164]. C. diphtheriae expresses at least three
gene operons specifying a sortase and surface proteins now recognized
as pilin subunits [164]. For example, one of these loci encodes the SpaA
protein (sortase-mediated pilin assembly A) that can be stained by
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the cell surface. Immunogold labeling of the other two proteins encoded
by the locus, SpaB and SpaC, revealed that SpaB is distributed along the
ﬁber shaft whereas SpaC can be stained at the tip of pilus ﬁbers [164].
Deletion of the sortase gene encoded in the spaABC locus abolished
the formation of SpaA pili [164]. This sortase is now classiﬁed as a
class C sortase (Table 1). Importantly, SpaA subunitswithin the polymer
were crosslinked to each other and ultimately attached to peptidogly-
can [164]. SpaA assemblywas also dependent on a conserved lysine res-
idue of SpaA, located in the so-called pilin motif, together with the
canonical sorting signal, the pilin motif was found to be required for
the formation of pili in a sortase-dependent manner [164,171]. It was
thus hypothesized that class C sortases may polymerize pili by forming
covalent bonds between individual pilin subunits. Indeed, it was dem-
onstrated that the transpeptidation reaction between pilin subunits in-
volved formation of an acyl-enzyme intermediate between sortase and
pilin precursors at the canonical sorting signal (LPXTG) [171–173] and
resolution by nucleophilic attack of the incoming pilin subunit through
a conserved YPKN pilin motif (Fig. 3) [174]. Examination of B. cereus pili
established that the major pilin subunit is the substrate for both class C
sortase and class A (housekeeping) sortase [175]. The housekeeping
sortase transfers the entire pilus structure onto lipid II and ultimately,
it becomes incorporated into peptidoglycan [175,176] (Fig. 3). Class C
sortases and their correspondingpili have beendiscovered in several or-
ganisms and similarmechanisms for their assembly have been reported
[167,177].
Pilin subunits of Gram-positive bacteria have been shown to fold
into two adjacent immunoglobulin (Ig)-like domains with seven anti-
parallel β-strands as ﬁrst demonstrated for the minor pilin GBS52 ofFig. 3.Model for sortase-mediated polymerization of heterodimeric pili. Pilin subunits are typ
through the Sec system, and a C-terminal cellwall sorting signal. Thepilin-speciﬁc sortase (SrtC)
of Bacillus cereus at the Thr of the LPXTGmotif, generating an acyl–enzyme intermediate that is r
motif of an incoming pilin subunit. Nucleophilic attack by the side chain of Lys in the YPKN mo
ﬁlament assembles by a sequence of similar transpeptidation reactions. Nucleophilic attack
polymerized pilus results in transfer to the cell wall envelope and terminates pilus assembly
Corynebacterium diphtheriae. SpaC is the pilus tip and SpA, the shaft protein. A third subunit Sp
Adapted from [167].Streptococcus agalactiae [178]. Interestingly, an intramolecular
isopeptide bond between the side chains of Lys and Asn residues was
observed in the crystal structure of the major pilin subunit from
S. pyogenes in the so-called Cna domain [179]. The prototypical Cna
domain is found in the surface collagen adhesion protein of S. aureus an-
chored by sortase A [180]. As a result, Ig-like folds containing an intra-
molecular isopeptide bond are referred as Cna protein B-type domain
(Cna-B; pfam05738).
3.7. Class D sortase
Class D sortases can be found in the genome ofmany bacilli, clostrid-
ia and actinomycetales. A singlemember of this family has been charac-
terized, the class D enzyme from B. anthracis named SrtC [181,182].
B. anthracis harbors three sortase genes, srtA, srtB and srtC. SrtA and
SrtB share properties similar to those described for S. aureus SrtA and
SrtB and thus act as housekeeping sortase (SrtA) [183] or as an iron-
scavenging system (SrtB) [158], respectively. Interestingly, B. anthracis
encodes a minimal number of SrtA-substrates and instead displays the
majority of surface proteins by means of an S-layer, a process that
does not require covalent attachment to the cell wall peptidoglycan
[14]. The class D SrtC enzyme is encoded in a gene locus that carries a
two-component regulatory system (sctR and sctS) as well as basI, that
speciﬁes a secreted protein with an LPNTA motif (Table 1) [181]. BasH,
a second LPNTA-motif containing protein, is encoded elsewhere on
the B. anthracis chromosome. Recombinant SrtC was shown to cleave
the LPNTA peptide between the threonine and alanine residues but
not LPATG and NPKTG peptides, the SrtA and SrtB substrates, respec-
tively [181]. Both BasI and BasH were shown to be the substrates ofical sortase substrates, containing an N-terminal signal peptide that promotes secretion
cleaves the sorting signals of the Tip and Shaft proteins such as theBcpAand BcpBproteins
esolved by the free amino group of a conserved lysine residue (K) present in the YPKNpilin
tif results in intermolecular isopeptide bond between tip and shaft. The remainder of the
of lipid II on the acyl intermediate formed by the housekeeping sortase (SrtA) and the
. Note: a similar mechanism occurs with heterotrimeric pili for example SpaCAB pili of
aC serves to anchor the polymerized pilus to the cell wall in SrtA-dependent manner.
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during sporulation in a manner that required the response regulator
SctR [181]. BasH is expressed in the developing forespore. Analysis of
cell wall fragments demonstrated that BasH and BasI are anchored to
the forespore and mother cell peptidoglycan, respectively [181,182].
The exact function of BasH and BasI is unknown and deletion of srtC
did not result in a virulence defect in B. anthracis [181]. To complete
its infectious cycle, B. anthracis must sporulate in animals that have
succumbed to anthrax disease. Sporulation ensures survival of this
bacterial species in the environment until it is taken up, presumably
by ingestion, by another predator or grazing animal. Unlike wild-type
bacilli, srtC mutants cannot readily form spores in guinea pig carcass
tissue or sheep blood unless their vegetative forms were exposed to
air. A general model derived from these observations suggests that
sortase C-mediated anchoring of BasI and BasH is critical for the gener-
ation of spores in host tissues [181]. As noted by Dramsi et al. [156], it is
interesting that many of the organisms endowed with class D sortases
display unique morphological differentiation cycles, perhaps pointing
to discrete spatial–temporal distribution for these enzymes and their
cognate substrates.4. Outlook
Protein anchoring to the cell wall is a common and conservedmech-
anism of Gram-positive bacteria for the display of proteins in an enve-
lope devoid of an outer lipid bilayer. Cell wall anchored proteins carry
two topogenic signals, one for translocation across the membrane and
one for recognition by transpeptidase enzyme, designated sortases.
Sec-dependent secretion in Gram-positive bacteria uses conserved ele-
ments of Gram-negative bacteria including the translocase and signal
sequence processing enzymes, albeit that some of these genes have
been duplicated (secY, secA genes) or ampliﬁed (lepB-like genes). Im-
portantly, signal sequences of some cell wall anchored proteins appear
to encompass additional topogenic information that may target subsets
of preproteins to distinct locations in the cell envelope. Nonetheless, the
ultimate reason for this trafﬁcking requirement remains unclear and
trans-acting factors responsible for the travels of proteins remain to be
identiﬁed. Obviously, SecB the dedicated preprotein chaperone of
Gram-negative bacteria cannot be involved in this process since it is al-
together missing in many Gram-positive microbes. Finally, the spatial
and temporal localization of secretons, sortase and cytoskeletal proteins
must also be interpreted in relation to cell shape and adjustments in
gene expression [120].
All sortases, classes A through D, share similar structures, catalytic
attributes and substrates, albeit that in the case of pili, sortase-
mediated transpeptidation reaction occurs between two pilin subunits.
In all other cases examined, the nucleophile appears to be the peptido-
glycan crossbridge of the lipid II precursor or assembled, but not
crosslinked peptidoglycan. Once attached to the cell wall, it is still
unclear how proteins are released. During infection, the abundance
and content of the cell wall proteome changes and cannot be solely reg-
ulated at the level of gene expression. Presumably, extension of the cell
wall in dividing bacteria may provide a dilution effect. It is also likely
that enzymes that remodel the peptidoglycan will also contribute to
the turnover of cell wall anchored proteins. Extracellular proteases
and chaperones such as HtrA, rotamases and disulﬁde isomerases pro-
vide some quality control for the folding of secreted proteins or when
secretion of proteins is placed under stress [60,184,185]. However, it is
unclear whether anchored proteins can be repaired, degraded or
recycled through such pathways. It is thus noteworthy that pilin sub-
units andmany anchored proteins contain highly protease-resistant im-
munoglobulin folds with stabilizing isopeptide bonds in their Cna-B
domains. A considerable challenge for the ﬁeld is to decipher the func-
tion of all cell wall anchored proteins that are encoded by human
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